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Introduction
The determination of β-nicotinamide adenine dinucleotide (NADH) is very important, because the NAD + /NADH couple is a cofactor system for a large number of dehydrogenase enzymes (>300) and a component of biomarker systems. 1 However, the direct oxidation of NADH at a bare electrode surface is highly irreversible, and needs a considerable overpotential (>1 V), 2, 3 which is increased further by the presence of an enzyme. One of the most serious problems resulting from a high overpotential detection is fouling of the electrode surface associated with the accumulation of reaction products. 4 Much effort was devoted to pursuing new electrode materials and methods to decrease the detection potential and to avoid electrode surface fouling. One of the recently emerged and efficient ways to circumvent a high overpotential for the oxidation of NADH was to use carbon nanotubes (CNTs), since CNTs could significantly reduce the NADH overpotential, [5] [6] [7] [8] [9] [10] although the decrease was not adequate.
Another conventional approach to lower the oxidation potential of NADH is to apply redox mediators with low formal potentials. 11 Phenothiazine derivatives, such as azure (AZU) dyes, were usually utilized in this respect, because they are chemically reactive and display negative formal potentials (vs. SCE) at neutral pH. NADH detectors were developed based on AZU dyes that have been either adsorbed, 12 electropolymerized 13, 14 or covalently attached 15 to the electrode surface. However, such modified surfaces displayed a rather limited stable ability and redox mediation capacity. The integration of phenothiazine derivatives and MWNTs in a polymeric matrix 16, 17 for the determination of NADH with enhanced electrocatalytic characteristics was also reported, but the reported method was somewhat complicated. Hence, pursuing a simpler approach and new electrode materials to further decrease the overpotential for NADH oxidation and to minimize surface passivation effects to improve the detection sensitivity and redox mediation capacity is still an obvious challenge.
In recent years, increasing interests have been focused on the rational functionalization of CNTs to fabricate functional nanostructures with novel properties. Some creative methods were used for the functionalization of CNTs with polymers, 18, 19 biomolecules, 20,21 metal nanoparticles 22, 23 and polynuclear aromatic compounds 24, 25 through a covalent or noncovalent interaction. These functionalization strategies have generated many new materials with excellent functions, which are very attractive for practical applications. 26, 27 We describe here a simple method for constructing a new electrochemical functional nanostructure of TBO-MWNTs, which is based on a redox mediator, TBO assembled onto the surface of a MWNTs modified glassy carbon electrode. In this case the MWNTs act as a support of the redox mediator as well as a catalyst. The experimental results showed that the TBOMWNTs modified GC electrodes exhibited excellent electrocatalytic activity toward the oxidation of NADH. To the best of our knowledge, the present strategy for preparing an electrochemical functional nanostructure by assembling a redox mediator TBO onto the surface of MWNTs has not been reported, though the electroanalytical activity of TBO-MWNTs toward the oxidation of NADH has not been studied so far. The prepared TBO-MWNTs nanocomposite is believed to have very promising applications, especially for the construction of dehydrogenase-based amperometric biosensors. 
Experimental

Apparatus
Cyclic voltammetric and amperometric measurements were carried out in a conventional three-electrode cell controlled by a CHI 660A Electrochemical Work Station (Chenhua Instrument Co., Shanghai, China). A glassy carbon (GC) electrode (diameter 3 mm) was used as the working electrode; a platinum foil was applied as a counter electrode, and a saturated calomel electrode (SCE) served as a reference electrode. All potential values given below refer to SCE. Amperometric measurements were carried out under stirred conditions, and the response current was marked with the change value between the steady state current and the background current. All experiments were performed at room temperature. Scanning electron microscopy (SEM) images were obtained by using a Sirion 200 field emission SEM (FEI, USA).
Chemicals
Shortened multiwalled carbon nanotubes (MWNTs) were purchased from Shenzhen Nanotech Port Co., Ltd., (Shenzhen, China) and purified by refluxing the as-received MWNTs in 2.6 M HNO3 for 10 h. β-Nicotinamide adenine dinucleotide (NADH, reduced form, in the form of sodium salt, >92% purity) and toluidine blue O (TBO) were obtained from Amresco (USA). A TBO solution of 5 mM was prepared by dissolving 62 mg of TBO in 40 mL of McIlvine buffer (pH = 4.0, consisted of 0.1 M citric acid and 0.2 M solution of Na2HPO4 containing 0.1 M KCl). A phosphate buffer solution (PBS, 1/15 M) was used as buffer solutions. All other chemicals were of analytical grade. Double-distilled water was used throughout.
Methods for preparing of the modified electrodes
GC electrodes were carefully polished with emery paper and aqueous slurries of fine alumina powders (0.3 and 0.05 µm) on a polishing cloth until a mirror finish was obtained. After 10 min of sonication, the electrodes were immersed in concentrated H2SO4 for 3 min, followed by thorough rinsing with water and ethanol.
The electrodes were then transferred to an electrochemical cell for cleaning by cyclic voltammetry between -0.5 V and +1.2 V versus SCE at 50 mV/s in PBS (pH 7.2) until a stable profile was obtained. To activate the electrodes surface as well as to improve the MWNTs and TBO adhesion on the GC electrodes surface, the cycling was terminated by stepping the potential to +1.2 V for 3 min. The prepared electrodes were dried under a nitrogen stream and used for a modification immediately. MWNTs (1 mg) were dispersed in 1 mL of PBS (pH 7.0) with the aid of sonication. A MWNTs layer modified electrode was prepared by casting 5 µL of a dispersion on the surface of a GC electrode, which was air-dried at room temperature. When the water was volatilized, a MWNTs film was formed. The TBO-MWNTs modified electrode was obtained by immersing a MWNTs modified electrode in a TBO solution for 2 h. The TBO modified GC electrode was obtained by immersing a bare GC electrode in a TBO solution for 2 h. The electrodes modified with TBO-MWNTs, MWNTs, and TBO are denoted as TBO-MWNTs/GC, MWNTs/GC, and TBO/GC electrodes hereafter, respectively. The resulting electrodes were then transferred to an electrochemical cell for cyclic voltammetry between -0.6 V and +0.6 V at 50 mV/s in PBS (pH 7.0) until a stable profile was obtained. The prepared electrodes were used as working electrodes for the determination of NADH.
Results and Discussion
TBO assembled onto the surface of MWNTs and the characterization of TBO-MWNTs nanomaterials
The CNTs consists of seamlessly rolled-up graphene sheets of carbon, exhibiting a special sidewall curvature and possessing a π-conjugative structure with a highly hydrophobic surface. These unique properties of the CNTs essentially allow them to interact with some organic compounds, (polynuclear) aromatic compounds, in particular, through π-π electronic and hydrophobic interactions, and thus to form new nanostructures, as previously demonstrated. 21, 26, 27 Since TBO is a typical polynuclear aromatic compound (its chemical structure was displayed in Scheme 1), it can also be assembled onto the hydrophobic surface of MWNTs through π-π electronic and hydrophobic interactions to form new kinds of stable nanomaterials.
Here, selected TBO to noncovalently functionalize the MWNTs is possible because TBO possesses good electrochemical properties, and has been widely used to construct electrochemical NADH sensors. 28, 29 The purification of carbon nanotubes is mainly done to remove any metal catalyst and amorphous carbon, although this yields small amounts of oxygen-containing functional groups, such as carboxylic groups. 30 However, these groups mainly are located at the open ends of the CNTs, so the hydrophobic surface of CNTs still remaining and will not affect the interaction of TBO and MWNTs. Figure 1 displays the typical morphology of the MWNTs (A) and TBO-MWNTs (B) characterized by scanning electron microscopy (SEM). From Fig. 1 , it can be seen that the MWNTs was in the form of small bundles and single nanotubes, and distributed very homogeneously on the surface of the GC electrode, exhibiting a special three-dimensional structure. The TBO assembled onto the surface of MWNTs (B) did not change the morphology of the MWNTs. However, the diameters of the TBO-MWNTs were slightly thicker than that of MWNTs, which means the assembled TBO layer is very thin. Such small bundles and single nanotubes homogeneously distributed on GC electrode were expected to be very attractive for detecting NADH because each of the TBO-assembled MWNTs was fully and easily accessible to the NADH, and consequently could be readily and totally used as an electrochemical sensing unit, yielding a high signal-to-noise ratio for the electrochemical determination of NADH. Figure 2 depicts cyclic voltammograms (CV) of the TBO/GC (curve 1) and TBO-MWNTs/GC (curve 2) electrodes in PBS (pH 7.0). From Fig. 2 , it can be seen that the two electrodes all have a well-defined CV of TBO (the formal potential is E θ = -0.28 V vs. SCE), which means TBO can be assembled onto the surface of GC and MWNTs/GC electrodes. However, the peak current at -0.22 V of TBO-MWNTs/GC electrodes is about 85 µA, which is far higher than that of the TBO/GC electrode (about 8 µA). This phenomenon suggests that the MWNTs can assemble many more TBO molecules than that of bare GC. This can be ascribed to two aspects: firstly, the adsorption strength of TBO of the bare GC is very low. Secondly, MWNTs have a larger hydrophobic surface area, and interacts strongly with TBO, which contributes to the larger adsorption amount of TBO. A pair of weak shoulder peak currents with a formal potential at E θ = -0.05 V vs. SCE was also observed in the voltammograms at the TBO-MWNTs electrode. It is not a special characteristic for the nanostructure of the TBO-MWNTs modified GC electrode, since the TBO modified GC electrode also displayed a similar shoulder peak. This phenomenon also existed in another study of Zhang and Gorsky. 16 This phenomenon may be due to aggregation of the TBO monomer. Figure 3 shows cyclic voltammograms of the TBOMWNTs/GC electrode in phosphate buffer (pH 7.0) at various scan rates in the range from 20 to 120 mV/s. As shown, the peak currents are linear with the potential scan rates in the range from 20 to 120 mV/s (inset), while the potential is only slightly changed. This demonstates that the redox process of the TBOMWNTs nanostructure onto the GC electrode is a fast and surface-confined process. Figure 4 compares cyclic voltammograms for 1 mM NADH in PBS, pH 7.0, recorded at 50 mV/s, of bare GC (A), MWNTs/GC (B), TBO/GC (C) and TBO-MWNTs/GC (D) electrodes. With the unmodified electrode (A), oxidation resulted in a broad peak with a peak potential of +0.73 V. However, the nanotube-modified electrode (B) exhibited a substantial negative shift of the anodic peak potential and an increased current signal with a peak potential of +0.39 V, in which 340 mV was decreased compared with that of bare GC electrode. The TBO modified GC electrode (C) also exhibited a good electrooxidation of NADH, with a peak potential of +0.33 V, in which 400 mV was reduced compared with that of the bare GC electrode. That is, both of the MWNTs/GC and TBO/GC electrodes exhibited good electrocatalytic activity toward the oxidation of NADH. When MWNTs was combined with TBO, however, the electrooxidation overpotential was greatly decreased, by 730 mV with a peak current of 0.0 V, which is much lower than the reported potential for NADH oxidation at CNTs modified electrodes.
Electrocatalytic activity of the prepared electrodes toward NADH
6-8 Figure 5 is the steady amperometric response of 1 mM NADH recorded at 0.0 V in PBS, pH 7.0. At 0.0 V, the amperometric response of 1 mM NADH of bare GC, MWNTs/GC and TBO/GC electrodes is 0.03, 0.32 and 0.38 µA, respectively.
However, the amperometric reponse of the TBO-MWNTs/GC electrode is about 12.5 µA, which is greatly increased compared with that of other electrodes. The above phenomena are similar to other studies 16, 17 and may result because the MWNTs can strongly interact with TBO, thus enhancing the assembled amount of TBO and provide a large catalytic surface area. Secondly, MWNTs can facilitate the electron transfer of TBO and NADH, and have a positive synergistic effect. Last, the special threedimensional structural of the new nanomaterials of TBOMWNTs may exhibit efficient electron transfer and ion transport ability. As a result, the oxidation peak potential was 401 ANALYTICAL SCIENCES MARCH 2006, VOL. 22 further decreased and the amperometric response at 0.0 V was greatly increased. Figure 6 displays the correlation between the catalytic peak currents and the NADH concentration. The catalytic peak currents gradually increased with increasing concentration of NADH, and exhibited a linear relationship with the concentration of NADH in the range from 2.0 µM to 3.5 mM with a detection limit of 0.5 µM (estimated at S/N = 3), and a correlation coefficient of 0.997. The current response of TBOMWNTs/GC electrode is very fast (within 3 s). Such characteristics are comparable to a report. 16 Another attractive feature of the TBO-MWNTs/GC electrodes is their highly stable amperometric response. Figure 7 displays the amperometric response to 1 mM NADH, as recorded at 0.0 V over a continuous 35-min period at the TBO-MWNTs modified electrode. The current diminutions are lower than 6%.
Conclusions
In summary, new TBO functionalized MWNTs nanomaterials were prepared by assembling TBO onto the surface of MWNTs modified GC electrodes. The prepared TBO-MWNTs/GC electrodes offer a stable low-potential amperometric detection of NADH with perfect performances. The present novel and 402 ANALYTICAL SCIENCES MARCH 2006, VOL. 22 simple strategy for constructing redox mediators-MWNTs nanocomposites have a potential to provide operational access to a large group of NADH-dependent dehydrogenase enzymes for designing a variety of electrochemical devices, such as biosensors, biological fuel cells, and bioreactors.
